In this work, the glycerol fermentation was carried out using Citrobacter freundii bacteria. The infl uence of glycerol and metabolites concentrations, and the pH changes on the effi ciency of 1,3-propanediol production, during batch and fed-batch processes, was presented. The nanofi ltration was used for the separation of obtained post-fermentation solutions. The resulted 1,3-PD solutions were signifi cantly desalted, which may facilitate further downstream processes during 1,3-PD production.
INTRODUCTION
In 1995 the Shell company announced the commercialization of a new polyester (Corterra™ PTT) based on terephthalic acid and 1,3-propanediol (1,3-PD). Poly(trimethylene terephthalate) (PTT) is a biodegradable polymer which founds great potential in textile, carpets and upholstery manufacturing. The market for 1,3-PD is currently over 100 million pounds per year and is still rapidly growing 1 . The majority of commercial synthesis of 1,3-propanediol are from acrolein by Degussa (now owned by DuPont, Wilmington, DE, USA) and from ethylene oxide by Shell. A recent application of 1,3-PD as a monomer for novel polyester and biodegradable plastics has led to a strong market need for the production of this bulk chemical preferably by a biological route. DuPont and its collaborator (Genencor) have developed a biocatalyst which would enable a fermentation-based process for the production of 1,3-PD 2 . DuPont's polymerization plant in Decatur, Illinois (USA) has now successfully manufactured 1,3-PD from corn sugar. Their corn-based polymer, called Sorona™, is more eco-friendly and has improved characteristics, such as softness, stretch recovery, vibrant colour and inherent stain resistance 1 . 1,3-PD is one of the oldest known fermentation products. It was reliably identifi ed as early as in 1881 by August Freund, in a glycerol fermentation mixed culture containing Clostridium pasteurianum as an active organism. A more recent study revealed, that several other microorganisms, such as Clostridium butyricum, Citrobacter freundii, Klebsiella pneumoniae, and Enterobacter agglomerans are suitable for 1,3-PD production from glycerol 1-15 . The production of biofuels, such as diester (biodiesel), generates glycerol (glycerin) as a main by-product. This common by-product represents 10 and 6% of the diester and ethanol productions, respectively. The utilization of a crude glycerol to produce 1,3-PD provides an area of opportunity where it would be possible to capitalize on the surplus of waste glycerol
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. The production of 1,3-propanediol from glycerol is generally performed under anaerobi conditions using glycerol as a sole carbon source. Under these conditions, a parallel pathway for glycerol operates which fi rst promotes the glycerol oxidation to generate dihydroxyacetone (DHA), which was further metabolized through the glycolytic pathway with ethanol, acetic acid and lactate as by-products. The second pathway resulted in the dehydration of glycerol to generate 3-hydroxypropionaldehyde, which was then reduced to 1,3-propanediol, accounting for more than 50% of the glycerol consumed 1, 8-10 . The yield of 1,3-PD depends on the stoichiometry of reductive and oxidative pathways. If only 1,3-PD and acetic acid are formed, the yield of 1,3-PD is 67% (mol/ mol) and for each acetic acid molecule formed is obtained two 1,3-PD molecules. However, all by-products are associated with a loss in 1,3-PD relative to acetic acid 1 . A parameter very important that can affect 1,3--PD yield is pH 10-14 . The initial pH of culture medium is generally close to 7, but the pH was reduced considerably below 5 after 24 h of fermentation due to formation of organic acids 8 . The fermentation conditions that enable the maximum concentration of 1,3-PD are accompanied by inhibition phenomena, notably by the fermentation products. The inhibition phenomenon induced by 1,3-propanediol has been attributed to an inhibitory effect of the diol function 15 . The inhibitory effect of non-dissociated organic acids by the microorganisms is a well-known phenomenon and was demonstrated during the fermentation into 1,3--PD
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. However, under favourable fermentation conditions (pH 7), these metabolites are practically always found in an anionic form as acetate and butyrate. The ranges of phenomena, such as the activating effect of acetate on growth or the infl uence of butyrate on the fermentation profi le have been reported 10, 13, 15 . During the preparation of culture media and fermentation, the acids produced were neutralized by the addition of sodium hydroxide. However, studies performed on Clostridium pasteurianum, C. botulinum and C. butyricum had shown that the sodium ion concentrations higher than 12 g/L inhibited cell growth 10, 17 . At concentrations lower than 12 g/L, the inhibitory effect of sodium ions was not pronounced. Fed-batch culture is commonly used in the microbial fermentation to achieve a high cell density because a substrate limitation or inhibition can be avoided by maintaining the medium substrate conditions were inoculated to the bioreactor (bacteria comprise 5% of the total reactor's volume). The medium (broth) for the fermentation process besides the glycerol in 1 litre of distilled water also contains: 3.4 g K 2 HPO 4 3 . The agitation rate was 150 ±5 rpm, the incubation temperature was 30 o C. The study was carried out with and without pH adjustment. In the case of pH adjustment, the pH was maintained at 7.0 by an automatic addition of 5 M NaOH.
Broth samples were collected every 24 h and plated on MRS agar (BTL, Poland). Serial dilutions were prepared if necessary in NaCl solution (0.9%) and the samples were then plated on MRS agar. The plates were incubated for 24 h at 30°C and the colony-forming units (CFUs) were then counted.
In a fed-batch fermentation, the glycerol concentration was initially at 10, 20 or 50 g/L and after 24 h of the process was below 5 g/L, therefore, a new portion of glycerol was added into the medium.
The fermentation broths were separated using a NF270 membrane from Dow FilmTec (Minneapolis, USA). The NF experiments were carried out in a laboratory-scale test cell using a SEPA-CFII (GE Osmonics, USA) cross--fl ow module. An active membrane area was 150 cm 2 . The volume of the feed tank was 3 L. Each process with a given solution was repeated twice or three times. The transmembrane pressure amounted to 1.0 MPa, and temperature was set at 298 K (± 1 K). The samples from both permeate and retentate fl ows were collected at 30 min intervals. The experiments were carried out using the feed fl ow at a level of 0.498 m 3 /h. The determination of separated solution compositions was performed using a high-performance liquid chromatograph HPLC UlitiMate 3000 (Dionex, USA) with refractometer detector RI-101 (Shodex) and a column HyperREZ XP H (Thermo Scientifi c, USA), through which a H 2 SO 4 solution (0.005 M) fl owed (0.6 mL min
−1
).
RESULTS AND DISCUSSION

Batch fermentation
In some cases, the effectiveness of used separation method of 1,3-PD is increased when the pH value of post-fermentation broth is reduced to a level of 4-5 18 . As a rule, this requires the addition of acid into the broth, because a value of pH = 7 is maintained during the fermentation by dosing an NaOH solution 4, 11, 18 . However, the salt concentration in the broth is increased as a result of adding base and acid, what hinders the operation of downstream separation. For this reason it would be advantageous to carry out the glycerol batch fermentation without the introduction of additional solutes.
However, the performed studies demonstrated, that using a batch fermentation, it is diffi cult to obtain a high degree of glycerol fermentation and the fi nal concentration of 1,3-PD did not exceed 5 g/L (Fig. 1) . A similar concentration of 1,3-PD and the fi nal pH of broth equal concentration at a relatively constant level during the cultivation.
The recovery of 1,3-PD from a complex and dilute fermentation broth has become a very important stage for the development of a commercially viable process. Due to several constraints, an effi cient separation of 1,3-propanediol from a fermentation broth consisting of water, residual glycerol, glucose, by-products (acetic acid, lactic acid, succinic acid, ethanol, 2,3-butanediol), macromolecules (proteins, polysaccharides, and nucleic acid), salts, and residual medium components requires several integrated separation processes 18 . Apart from the complexity of fermentation broth, a characteristics of 1,3-propanediol such as high boiling point (214°C at atmospheric pressure) and a strong hydrophilicity have become a technical hurdle for the development of an effi cient purifi cation process. The separation methods of 1,3-PD from a dilute solution by normal physical or complex extraction were not successful 18, 19 . Although many solvent extractants are given in a patent, the hydrophilic 1,3-propanediol in a dilute broth fails to enter into the hydrophobic solvents, except when a large amount of solvents is added into a concentrated broth.
Vacuum distillation is preferred over traditional distillation as it saves energy due to lowering the boiling point. However, desalination and deproteinization are required before the evaporation that makes the entire process complicated and non-profi table. The application of consecutive stages: removal of biomass, removal of proteins, concentration of broth, and separation of 1,3--PD by silica gel chromatography allows to achieve the effective separation of 1,3-propanediol from fermentation broth 18 . However, a decrease of the pH = 4 for effi cient separation is required.
The residual salts adversely affect the purifi cation of 1,3-PD, therefore the broth desalination is always needed as a pretreatment. An electrodialysis was found to be an effi cient way for salts removal and the recovery from fermentation broth 20 . The nanofi ltration (NF) is other effective process that can be used for broth desalination
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. The NF membranes have a surface charge, which depends on the pH of solution. The salts rejection is maximal over the membrane isoelectric point, primarily due to decreased electrostatic repulsion 21-24 . The objective of the present study was to evaluate the changes of fermentation parameters on the effi ciency of both 1,3 PD production and broth downstream separation by NF process. The study was carried out with broths, which was prepared using Citrobacter freundii bacteria for the fermentation of glycerol solutions.
EXPERIMENTAL
In the study the glycerol solutions were fermented using Citrobacter freundii bacteria isolated and characterized in Department of Biotechnology and Food Microbiology, Poznań University of Life Science, Poland.
Batch and fed-batch bioreactor fermentations were conducted in a LiFlusGX bioreactor (Biotron Inc., Korea), the working volume of which was adjusted at 2 L. Before experimental use, strain was pre-cultured in the MRS medium (BTL, Poland) and incubated at 30°C for 24 h. Fresh cultures of Citrobacter freundii under sterile to 5.25 was obtaining using the strain Citrobacter freundii ATCC 8090 for the fermentation a crude glycerol 20 g/ L 8 . In our case the pH value decreased to 4.8 ( Fig. 2 ) and the production of 1,3-PD practically was eliminated after 24 h of fermentation (Fig. 1) . A slight decline of glycerol concentration observed during the next two days was associated with the formation of the carboxylic acids, mainly acetic acid, the fi nal concentration of which amounted to 0.73 g/L. The increase of initial glycerol concentration from 20 to 50 g/L did not improve the 1,3-PD production, and on the contrary, the obtained concentration of 1,3-PD was less than 2 g/L (Fig. 3) . It was probably resulted from the inhibition by a substrate, what hindered the bacteria growth, the amount of which was decreased from 7.14 to 4 log CFU during the consecutive days of process (Fig. 2) . In the case of glycerol solution equal to 20 g/L, this amount increased from 7.8 to 14.5 log CFU during three days of studies. A larger resistivity to high glycerol concentrations exhibited strain C. freundii FMCC-B 294 (VK-19)
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. However, a signifi cant decrease of the specifi c growth rate was also observed in this case, when the initial glycerol concentration was higher than 20 g/L.
A much larger resistivity of bacteria on the fermentation conditions was obtained when the pH value was maintained at a level of 7. Under these conditions, the fermentation proceeded better than for the above-presented cases without the pH control even for the initial glycerol concentration amounting 100 g/L. However, a high glycerol concentration prolonged the adoption period of bacteria and after the fi rst 22 h, their amount was only increased from 4.1 to 5.9 log CFU. However, after the consecutive 44 h of fermentation process, this amount reached a value of 16.7 log CFU. After 70 h of process, the broth contained 22.8 g/L of 1,3-PD, and the fi nal glycerol concentration amounted to 35.2 g/L (Fig. 4) . A prolongation of fermentation by at least a consecutive day could be required in order to decrease this concentration. In other work, the fi nal 1,3-PD concentration of 45.9 g/L was achieved for initial glycerol concentration of 100 g/L, but the maximum productivity of 1.53 g/(L h) was observed at a 80 g/L glycerol concentration 4 . The studies demonstrated that a decrease of the initial glycerol concentration in the broth to a level of 20 g/L allows to increase the effectiveness of batch fermentation. When three consecutive fermentations were carried out for 24 h (Fig. 5) , the total amount of 1,3-PD equal to 27 g was obtained from 60 g of glycerol, hence, a larger amount than that for a single fermentation with 100 g/L of glycerol (Fig. 4) . Moreover, a very important is fact, that almost the complete fermentation of glycerol was achieved, when a lower initial concentration was used. This is very important because when the glycerol is fermented the separation of 1,3-PD by nanofi ltration method is signifi cantly improved and the raw material losses are reduced 21 . The obtained results confi rmed that the fermentation conditions which enable to obtain the maximum concentration of 1,3-PD are also accompanied by inhibition phenomena, notably, by the fermentation products, such as 1,3-PD and the carboxylic acids. The inhibitory effect of non-dissociated organic acids by the microorganisms is a well-known phenomenon and was demonstrated during the fermentation to produce 1,3-propanediol. However, under favourable fermentation conditions (pH = 7), these metabolites are practically always found in an anionic form as acetate and lactate 7 . This improved the separation by NF process.
Fed-batch fermentations
Fed-batch culture is commonly used in a microbial fermentation to achieve a high cell density because the substrate limitation or inhibition can be avoided by maintaining the medium substrate concentration at a relatively constant level during the cultivation. However, the performed studies demonstrated that after the fermentation of 50 g/L of glycerol, the number of bacteria cells started to decrease, what slowed down the fermentation during the consecutive days of process (Fig. 6 ). This probably resulted from a high concentration of products (30 g/L 1,3-PD) and the total concentration of carboxylic acids higher than 20 g/L (Fig. 7) .
A high number of cells at a level of 16 log CFU was maintained for more than three days by using a lower dosing of glycerol (Fig. 8) . However, such a procedure prolongs the process time. After 80 h, it was fermented in total 50 g/L of glycerol obtaining about 18 g/L 1,3-PD, hence, a smaller amount than that in the case when the initial concentration of 50 g/L was used (Fig.  6) . Moreover, in this case, the amount of formed carboxylic acids was slightly increased when glycerol dosing was slower (Fig. 9) .
In the case of fermentation carried out by a fed-batch method without pH control, the 1,3-PD content exceeding 8 g/L was obtained after the consumption of about 20 g/L of glycerol. Hence, better results were obtained in a comparison with the fermentation of batch type for the initial glycerol concentration of 20 g/L (Fig. 1) . However, the process was carried out for almost 100 h, what has an unfavourable effect on its effectiveness. 
Nanofi ltration
The conventional evaporation and distillation techniques normally used in the removal of water and purification of 1,3-propanediol suffer from a problem of high energy consumption, leading to a high cost of the target product. Vacuum distillation would save energy due to a decline of the boiling points. However, the traditional vacuum distillation method for the recovery and purification of 1,3-propanediol causes several problems. For example, the denaturation of macromolecules makes broth become very viscous and the salts in the broth are crystallized out after the condensation, which lead to a low evaporation effi ciency.
A signifi cant desalination of broth and a partial separation of organic compounds can be achieved in the nanofi ltration process. Independently on the process conditions and a kind of membrane used, it can be expected, that the salts present in the broth will be retained by more than 60%. During the separation of studied broths by NF270 membrane the retention of the monovalent ions was close to 80%, while that of the multivalent ions was higher than 94% (Fig. 11) . The study revealed that the retention of 1,3-PD was several times lower, what permitted to separate this diol into the permeate. As a result, the NF pre-treatment enables a further application of evaporation method without problems associated with the presence of salts.
The pH value affects signifi cantly both the desalination of ionic solutes, and the degree of separation in the NF process. The retention of salt and the carboxylic acids exceeding 90% was obtained for the broths with the pH value equal to 7. The retention of 1,3-PD was below 20%, thus the NF270 membrane permits enrichment of the permeate in this diol (Fig.12) . The NF process was carried out in a batch mode, and the feed was continuously concentrated. Due to the increase of the ions concentration, the rejection coeffi cient was slowly decreased (Figs. 11 and 12 ). In the case of broth with pH = 7 for all solutes the rejection exciding 80% was maintained, beside the 1,3-PD, which rejection decreases to almost zero. This situation is very advantageous, because allows to separate the diol from broth and to limit the content of impurities remaining in the permeate.
CONCLUSIONS
The performed research confi rmed that except 1,3-PD, the other metabolites (mainly carboxylic acids) are produced during the glycerol fermentation with Citrobacter freundii bacteria. The majority of the products were formed during the fi rst two days, and a prolongation of process over the next days did not cause the major changes. Therefore, due to the inhibitory effect, the application of fed-batch method is also limited. A continuous fermentation process can be conducted only if metabolites will be separated selectively. It was demonstrated that a one-day fermentation with pH adjustment (pH = 7) enables to improve the glycerol fermentation process.
The obtained results demonstrated that NF process allows to separate the post-fermented glycerol solution into several fractions, which should facilitate the down--stream treatment of solution obtained from bioreactor.
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